I. INTRODUCTION
Impurity scattering plays a dominant role in the transport and thermodynamic properties of unconventional superconductors, far larger than in conventional s-wave superconductors. This is a consequence of the gap nodes which prevent the complete freezing out of scattering processes, and the fact that an anisotropic order parameter is far more sensitive to disorder. The critical temperature for an anisotropic superconductor is suppressed even in lowest order by the disorder potential. This follows from the breakdown of one of the conditions for Anderson's theorem,1 which is that the momentum dependence of the pair potential is weak. A breakdown of the theorem leads to bound states in the gap when there are magnetic impurities in s-wave materials. It also leads to the possibility of such bound states from nonmagnetic impurities in the gap of an unconventional superconductor. This paper is devoted to questions about these states: their energy levels, their wavefunctions, their lifetimes, and the role (if any) they play in observable properties at low temperatures.
This subject is topical because of the interest in high-temperature superconductors. Some of these systems appear to have gap nodes, implying the presence of an unconventional order parameter. No picture of these materials is complete without understanding the effects of dirt. Furthermore, experiments in the asymptotic low-temperature regime are special in that they probe the region of the Fermi surface near the nodes. It is in this region where the effects of impurities are most dramatic. The same considerations hold for the comparatively venerable heavy-fermion superconductors. Here we have solid grounds for supposing that some of these systems, particularly UPt 3 and UBe 13 , are unconventional. Still, after more than a decade of investigation, the experimental details of the thermodynamic and transport properties of these systems at low temperatures are not fully reconciled with theory. In heavy fermion materials, however, it has become clear that strong impurity scattering, approaching the unitarity limit, is the rule, not the exception. The Born approximation is inadequate. In high-T c systems, this is still under debate. In this paper, I will concentrate on this near-unitarity limit.
The literature on impurity states in the superconducting gap begins with the papers of Yu 2 and Shiba 3 on magnetic impurities in s-wave systems. The two important ingredients are the pairbreaking nature of the disorder potential and the "hard" energy gap-the density of states (DOS) is zero in some neighborhood of the chemical potential in the pure system. Bound states appear in the gap. Increasing the impurity concentration increases the number of bound states and decreases the gap, leading first to the gapless state and finally to the destruction of superconductivity. 4 In unconventional superconductors, the bound states arising from ordinary potential scattering were first considered by Buchholtz and Zwicknagl.
5 They concentrated on the Balian-Werthamer state, which has a hard energy gap, but the momentum-averaged gap vanishes: £ k A(k) = 0, where the sum is over the Fermi surface. For such a gap, the results are somewhat similar to the previous case as the disorder potential is likewise pairbreaking. Although time-reversal symmetry is not broken, the randomization of momentum in the eigenstates prevents pairing by a momentum-dependent potential. Bound states appear in the gap. These authors also state that, in the unitarity limit of very strong potentials on the impurities, the bound states are at midgap. This statement has been repeated many times in the literature. However, I will argue below that it is incorrect.
